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ABSTRACT 
A sumnary o f  the  a c t i v i t i e s  and r e s u l t s  o f  the  research on the UMASS 
So la r  Hab i ta t - I  and Wind Furnace p ro jec t  i s  given. A general background and 
review followed by spec i f i c  work under each task i s  presented. L i s t s  o f  
publ icat ions t o  da te  and p a r t i c i p a t i n g  personnel a re  included. 
I. EXECUTIVE SUMMARY 
The UMASS Wind Furnace has been operational i n  a f u l l y  automatic mode 
since October, 1977. Performance data has been col lected,  reduced and 
analyzed f o r  the heat ing system as a whole as we l l  as f o r  the wind tu rb ine  
i n  par t i cu la r .  
Resul ts ,  a1 though no t  complete due t o  instrumentat ion problems, 
i nd i ca te  t ha t  the  wind furnace provided a s i g n i f i c a n t  amount o f  the heating 
load f o r  Solar Habi t a t - I  dur ing the period from November 1977 through A p r i l  
15, 1978. For a t o t a l  heat load o f  15,300 kwh dur ing t h i s  period, approxi- 
mately 2460 kWh were suppl ied by so la r  and 7400 kwh by the  wind tu rb ine  o r  
about 64 percent suppl ied by the wind furnace. 
Experimental wind tu rb ine  performance resu l t s  f o r  the  constant tip-speed- 
r a t i o  operation and purely r e s i s t i v e  load, compare very c lose ly  t o  the com- 
puter  predicted o r  design condit ions. The wind tu rb ine  has operated auto- 
matical l y  throughtout the complete p i tch-cont ro l  range. The resu l t s  have 
been successful a1 though the  p i  tch- ra te  i s  i n s u f f i c i e n t  t o  maintain the ra ted 
RPM w i t h i n  the design c r i t e r i a  o f  plus o r  minus 5 percent. 
A microprocessor con t ro l  1 e r  has been designed , bui  1 t and w i  11 be i n s t a l  1 ed 
when the machine i s  put  back up fo l low ing  serv ic ing i n  l a t e  July. This 
c o n t r o l l e r  has the f l e x i b i l i t y  t o  be reprogramned f o r  blade p i tch,  f i e l d  
cu r ren t  and yaw t o  any desired condit ions. Evaluation o f  the  c o n t r o l l e r  w i l l  
be accomplished dur ing the next  year. 
A s i gn i f i can t  aspect o f  the  program has been the wind f i e l d  measurement 
and analysis. Five towers and anemometers have been i n s t a l l e d  and v e r t i c a l  
wind ve loc i t y  p r o f i l e s  recorded as we l l  as wind speeds a t  various distances 
up wind of the turb ine a t  ax i s  height. These i n i t i a l  r esu l t s  ind ica te  the  
ex ten t  o f  t he  flow f i e l d  i n  t h e  v i c i n i t y  o f  an opera t ing  tu rb ine .  Much 
more extensive measurenients and ana lys i s  c o r r e l a t i n g  the  wind data  w i t h  
t h e  wind t u r b i n e  opera t iona l  c h a r a c t e r i s t i c s  a re  planned f o r  the  coming 
year. 
Fur ther  d e t a i l s  o f  the  program e f f o r t s  a re  discussed i n  t h i s  r e p o r t  and 
i n  t h e  techn ica l  repo r t s  referenced under each task. 
I I. INTRODUCTION 
This repor t  i s  intended t o  present i n  a general manner, the  background 
and progress t o  date f o r  the  Wind Furnace p ro jec t  a t  the Un ive rs i t y  o f  
Massachusetts. The organizat ion of t he  repo r t  i s  such as t o  g ive a general 
desc r ip t ion  o f  the Wind Furnace as i n s t a l l e d  a t  Solar Hab i ta t - I  along w i t h  
some performance and operat ional  data o f  general i n te res t .  
Somewhat greater d e t a i l  i s  presented under the  sumnary discussions f o r  
each task w i t h  referenced technical  repor ts  and pub1 ished papers g i v i ng  a 
f u l l  desc r ip t ion  o f  the spec i f i c  tasks. Each task sumary i s  separate w i t h  
i t s  own f igures,  references and numbering sequence. 
GENERAL BACKGROUND 
The Wind Furnace p ro jec t  was begun i n  1975 under an NSF Grant t o  
inves t iga te  the f e a s i b i l i t y  of using wind power f o r  space heating i n  a 
co lder  cl imate. This work has continued under ERDA and DOE support as 
p a r t  of the  Rockwell In te rna t iona l  Wind Energy Program. 
Solar Habi tat  1, an energy conservative house designed by 
Professor Cur t i s  Johnson o f  the Department o f  Food and Agr i cu l tu ra l  
Engineering, serves as a demonstration f a c i l i t y  f o r  the Wind Furnace. 
The house was constructed and the  so lar  f l a t  p l a te  c o l l e c t o r  system was 
i n s t a l l e d  and has been operating since September 1, 1976. The wind tu rb ine  
was erected i n  November 1976 and underwent component t es t i ng  and check-out. 
The Wind Furnace system has been operat ing i n  a f u l l y  automatic mode since 
September 1977. 
Conceptually the Wind Furnace i s  a heating system cons is t ing o f  a 
wind turbine,  so la r  f l a t  p l a te  co l lec to rs ,  a storage system and a heat 
de l i ve ry  system as shown i n  Figure 1. Water i n  the insu la ted thermal 
storage tank i s  heated by the so la r  co l l ec to r s  and by the e l e c t r i c i t y  
generated by the wind turbine.  I n  turn ,  t h i s  water i s  used t o  heat the house 
by conventional baseboard hot  water convectors. For t h i s  house, a gas f i r e d  
hot a i r  furnace serves as the a u x i l i a r y  back-up heating system. 
THE WIND FURNACE 
Sol a r  Component 
2 Two hundred square f e e t  (18.6 m ) o f  copper-tube copper-plate water 
so la r  co l l ec to r s  are  mounted v e r t i c a l l y  on the south fac ing wa l l .  Propolene- 
Glycol and water are  c i r cu la ted  through the col  l e c t o r  loop and heat exchanger 
speed. The automatic f i e l d  c o n t r o l l e r  i s programmed t o  provide the  c o r r e c t  
f i e l d  c u r r e n t  t o  produce b u t  n o t  exceed the maximum power a t  any g iven wind 
speed. 
A welded s t e e l  main frame supports a l l  of t h e  wind generator components 
and provides f o r  attachment t o  the  tower v i a  the  po le  matcher. The po le  
matcher conta i  ns f i  f teen  brass s l i  p  ri ngs embedded i rl f i  berg l ass  and epoxy. 
E l e c t r i c a l  power f rom the  generator i s  brought down through th ree o f  the  
s l i p  r i n g s  t o  the  res i s tance  heat ing load i n  Solar  H a b i t a t - I .  The o ther  s l i p  
r i n g s  a re  used f o r  t he  p i t c h  con t ro l ,  f i e l d  c u r r e n t  c o n t r o l ,  rpm s igna ls  and 
o the r  ins t rumenta t ion  s igna ls .  Th is  po le  matcher at taches t o  the  top  of the 
po le  and provides a bear ing sur face and attachment support f o r  the  wind 
generator and enables the  wind generator t o  yaw w i t h  changes i n  w i  nd d i  r e c t i  on. 
A yaw damper has been incorpora ted and cons is ts  o f  a chain and sprocket 
d r i  ven e l e c t r i c  generator.  The yaw dampi ng c o e f f i c i e n t  can be changed by 
changing the  res is tance load placed across the  te rmina ls  o f  the  generator.  
The generator can a l s o  serve as a yaw motor i f  necessary f o r  se rv i c ing .  
The two stages o f  t he  speed-up d r i  ve t r a i  n consi s t  o f  a one-ton t ruck  
r e a r  a x l e  connected t o  the  r o t o r  hub and a s i l e n t  cha in  d r i v e  connected t o  
the  generator.  Th is  pro.vides approximately an 11 :1 speed-up from r o t o r  t o  
genera t o r .  
Three s tee l  b a r r e l s  welded t o  a s t e e l  p l a t e  assembly serves as t h e  r o t o r  
hub which at taches t o  t h e  l u g  b o l t s  o f  t he  t ruck  r e a r  a x l e  assembly. The 
b a r r e l s  prov ide  t h e  bear ing support f o r  the  blades and a center  tube supports 
the  p i  t c h  c o n t r o l  s h a f t  and l inkage.  Blade p i  t c h  i s accomplished by an 
e l e c t r i c a l  servo motor d r i v i n g  a shaf t .  The l i n e a r  motion o f  t he  s h a f t  i s 
changed i n t o  synchronized b lade r o t a t i o n  by a sprocket and chain l inkage.  
The r o t o r  blades a r e  made e n t i  r e l y  o f  GRP. A hol low tapered spar i s 
bonded i n s i d e  t h e  f i be rg lass  s k i n  which was hand l a i d  up over a tw is ted  and 
tapered mold. A s t e e l  sp ind le  i s  mechanical ly fastened t o  and epoxy bonded 
over the  c i r c u l a r  r o o t  p o r t i o n  o f  t he  spar t o  form the  p i t c h  bear ing sur face.  
Each b lade weighs 34.47 kg  (76 pounds) i nc lud l  ng t h e  s t e e l  spi nd le  and p i  t c h  
c o n t r o l  sprocket.  With near l y  optimum taper and t w i s t ,  t he  blades are 
designed t o  operate a t  a constant  ti p-speed r a t i o  o f  7.5 and t o  w i ths tand 
gust  load ings  o f  up t o  f o u r  t imes the  t h r u s t  a t  r a t e d  speed and power. 
A f i berglass nace l l e  t o t a l l y  encloses t h e  w i  nd generator components, 
has th ree  access doors f o r  s e r v i c i n g  and repai r, and supports a w i  nd anemometer. 
Pi t c h  Control  
F igure  3 d e f i  nes t h e  p i  t c h  c o n t r o l  reg i  ons i n terms o f  rpm versus w i  nd 
speed. I n  Region I, t h e  wind speed i s  below V cut- in, t he  r o t o r  i s  s t a t i o n a r y  
and the  blades a re  p i t ched  t o  40 degrees f o r  maximum s t a r t - u p  torque. I n  
Region 2, t h e  blades a re  p i t ched  t o  -6 degrees ( t i p  speed r a t i o  o f  7.5) f o r  
steady opera t ion  t o  produce t h e  maximum power output  f o r  any g iven wind speed. 
Region 3 begins a t  11.6 m/s (26 mph) wind speed, extends t o  22.4 m/s (50 mph) 
and represents a region o f  constant  power a t  synchronous generator rpm. 
Throughout Region 3 the  b lade p i t c h  increases from -6 degrees a t  11.6 m/s 
(26 mph) towards 16 degrees a t  22.4 m/s (50 mph), thus main ta in ing  t h e  constant  
power and constant  rpm. When t h e  w i  nd speed reaches 22.4 m/s (50 mph) , the  
blades a re  p i  tched t o  f u l l  f ea the r  (zero  torque a t  90 degrees). Regi on 4 
represents a1 1 wind speeds g rea te r  than 22.4 m/s (50 mph) and a condi ti on o f  
zero power. 
Region 3 appears t o  be the  c r i t i c a l  c o n t r o l  reg ion where the  rpm i s  t o  
remain constant  t o  produce a constant  ra ted  power output  and thus a constant  
torque. Thus, reg ion  3 requi  res  a l i n e a r  blade p i t c h  i ncrease w i  t h  i ncreasi ng 
w i  nd speed (decreasi ng ti p-speed-rati 0 ) .  
Experimental da ta  shown on Figures 2 and 3 i n d i c a t e  i r~ general a con- 
s i  s t e n t  t rend towards the  opera t i  onal desi gn condi ti ons o f  -6 degree(s) . 
OPERATION OF THE WIND TURBINE 
The r e s u l t s  presented i n t h i  s sec t i on  are  from con t i  nuous reco rd i  ngs on 
a six-channel Sanborn s t r i p - c h a r t  recorder .  These recordings are used more 
f o r  q u a l i  t a t i  ve ana lys i  s than quant i  t a t i  ve. I t  i s easi e r  t o  g e t  a f e e l  f o r  
t h e  machi ne whi l e  observi  ng the  parameters bei ng traced. Defi  n i  ti ons o f  
symbols used are l i s t e d  on page 9. Sections o f  runs are  shown w i t h  accom- 
panying explanations and comnents are made concerning s p e c i f i c  observat ions. 
Fi gure 4 11 12 /77  Automati c Start-Up: 
Th is  s t r i p  c h a r t  sec t i on  shows the  automatic s ta r t -up  o f  the  WTG a f t e r  
i t has been d r i ven  t o  face the  wind. The wind speed was averaging f i v e  mph. 
I t  has been observed t h a t  i n  l i g h t  wi  nds ( l e s s  than approximately seven mph) 
the  machine w i l l  now yaw about. Th is  i s  p r i m a r i l y  due t o  the  f r i c t i o n  of t he  
yaw damper chai ns. Observati ons w i  t h  the  chai ns d i  sconnected con f i  r m  t h i  s. 
Darnping i s  requ i red  i n  h igher  wind, though, as w i thou t  i t  the machine w i l l  
yaw 360° i f  the re  i s  a sudden stoppage o f  t he  wind. Thi s has been observed 
t o  happen wi  t h  t h e  yaw chai n d i  sconnec ted  . 
Blade p i  t c h i  ng from 35 degrees t o  f o u r  degrees occurred when the  s h a f t  
speed reached 20 RPM. 
F i e l d  c u r r e n t  was autonlat ical l y  app l ied  a t  a s h a f t  speed o f  37 RPM. 
Due t o  the  low w i  nds, t he  RPM var ied  around t h e  on-off  speed o f  t h e  f i  e l  d 
c o n t r o l l e r .  Th is  i s  why the  f i e l d  cu r ren t  cyc led back and f o r t h  from zero 
t o  0.42 amps. 
Very l i t t l e  power was generated under these wind cond i t ions  as shown 
by t h e  low load voltage, approximately 30 v o l t s  being the  maximum a t ta ined .  
F igure 5 Automatic Return t o  Start-Up Angle 
I n  t h i  s  case, the w i  nd decreased from an average o f  10 mph t o  an average 
of 2.5 mph. The RPM t r ace  shows the  same general decrease w i  t h  a waveform 
shape simi l a r  t o  t h e  wind waveform. Thi s  i s  t o  be expected w i t h  constant  
p i  t c h  angl e opera t i  on. 
The p i t c h  angle was ho ld ing  constant  a t  zero degrees u n t i l  t he  RPPl 
dropped below twenty. A t  t h i s  po in t ,  t he  p i  t c h  c o n t r o l l e r  increased the  
p i t c h  angle t o  the  s t a r t - u p  angle which had been s e t  t o  t h i r t y  degrees. 
The f i e l d  c u r r e n t  t r a c e  shows a t r a n s i t i o n  o f  incremental  changes i n  
c u r r e n t  l e v e l  u n t i  1  the  RPM drops t o  37, the  th resho ld  RPM f o r  the  f i e l d  
c o n t r o l l e r .  Current  c y c l i n g  (on and o f f )  cont inues u n t i  1  the  RPM drops 
below 37 a t  which t ime the  f i e l d  c u r r e n t  i s  shut  o f f .  
The load vo l tage waveform i s a1 so simi l a r  i n shape t o  the  wind waveform. 
Th is  i s  a l s o  t o  be expected as t h e  vo l tage i s  a power f u n c t i o n  o f  the  RPM. 
The maximum vo l tage  generated i n  t h i  s  i n t e r v a l  was 100 v o l t s .  Once t h e  f i e l d  
c u r r e n t  i s zero, t h e  vo l tage decays t o  a low value determined by the  res idua l  
magnetism i n  t h e  f i e l d  i r o n  and the  r o t o r  RPM. 
Figure  6 11/17/77 Region 2 Operation: Moderate Breeze 
W i  t h  t h e  winds between f i  ve and 25 mph, t h e  average was near 15 mph 
f o r  t h i s  run. Since these were g u s t i e r  cond i t ions ,  t h e  waveforms are  more 
jagged i n  appearance. The p i t c h  angle held constant a t  f o u r  degrees except 
a t  one p o i n t  where the  RPM approached 162 (22.3 v o l t s ) .  The p i  t c h  c o n t r o l l e r  
i ncreased p i  t c h  s l i g h t l y  and then returned t o  f o u r  degrees. Regi on 2 opera t i  on 
had been preset  f o r  a b lade p i t c h  angle o f  f o u r  degrees. The greater  v a r i a t i o n s  
i n  shaf t  speed l e d  t o  l a r g e r  changes i n  f i e l d  c u r r e n t  as determined by the  
f i e l d  c o n t r o l l e r .  The est imated average power l e v e l  i n  t h i s  run  was 4400 watts. 
F igure 7 11/27/77 Region 2 and Region 3 Operation: Moderate Breeze w i t h  
Higher Gusts 
Operat ion i n  winds averagi ng 17 mph wi t h  gusts t o  approximately 27 mph i s 
shown i n  t h i s  c h a r t  sect ion.  The r a t e d  s h a f t  speed had been se t  t o  145 RPM 
(20 vo l  t s ) .  When the  RPM approached o r  exceeded t h i  s value, t h e  p i  t c h  con- 
t r o l l e r  sensed the  t r a n s i t i o n  t o  Region 3 and v a r i  ed the  p i  t c h  angle i n order  
t o  rnai n t a i  n r a t e d  RPM. The s h a f t  overspeed was held t o  w i  t h i  n e i  g h t  percent.  
F igure 8 11/27/77 Region 2 and Region 3 Operation: Fresh Breeze Winds 
Approximately th ree hours l a t e r  than the  above run, the  wi nds were averagi ng 
twenty mph and gus t ing  t o  t h i r t y .  The ra ted s h a f t  speed was s t i  11 145 RPM. 
The p i t c h  c o n t r o l l e r  operated much o f  t h i s  t ime due t o  the  s h a f t  speed being 
near o r  above rated. The maximum overspeed was he ld  t o  20 percent over 
r a t e d  (145). The p i t c h  angle va r ied  from f o u r  degrees ( reg ion  2)  t o  a maxi mum 
angle of 20 degrees ( reg ion 3). 
As a r e s u l t  o f  t he  h igher  s h a f t  speeds, t h e  load vo l tage stayed mai n l y  
between 100 and 300 vo l t s .  A maximum vo l tage o f  330 v o l t s  was reached a t  a 
s h a f t  speed o f  173 RPM. Th is  maximum output  o f  32670 wat ts  was t h e  r e s u l t  
of a wind gust  t o  approximately 30 mph. Four o ther  times the output reached 
o r  exceeded 300 vo l  t s  , o r  27000 watts. 
Figures 9 and 10 
Figures 9 and 10 show c e r t a i n  data po in ts  p l o t t ed  along w i t h  the pre- 
d ic ted  curves of power output. These graphs show: 
1 ) Even though the data po in ts  seem t o  c l u s t e r  around the predicted 
curves, there are sane 1 arge var i  a t i  ons. Some o f  the va r i  a t i  ons 
are as much as 50 percent over o r  under the  predicted value. 
These were most 1.i k e l y  caused by the nature of the w i  nd and the 
s e t t i  ngs o f  the p i  t ch  angle and exci t a t i  on. 
2) Rated power was exceeded many times. The maxirnuni power of 32690 
watts, 30.7 percent above rated, occurred a t  a value of 173 RPM, 
3.6 percent over ra ted shaf t  speed. The machine had entered 
Region 3 operat ion s t a r t i n g  a t  a p i t c h  angle o f  fou r  degrees 
and increas ing t o  18 before re tu rn ing  t o  four. (These traces can 
be seen i n  Figure 8 occurr ing on November 27, 1977 a t  approximately 
0810 hours.) 
For an overspeed o f  t h i  s  magni tude, the  predi cted power 
l eve l  would be 27000 watts. This value has been recorded under 
t he  same condi ti ons o f  p i  t c h  angl e, exci t a t i  on and shaft  speed. 
The exceptions were the  maximum p i t c h  angle obtained (16O), and 
the  wind speed o f  t he  gust. The di f ferences between these two cases 
accounted f o r  the  21 percent greater output  over predicted.  
DEFINITIONS OF SYMBOLS 
WV = wi nd ve loc i  t y  observed a t  t he  ax i  s hei g h t  from the  house aneomo- 
meter, approximately 30 f e e t  ENE o f  t h e  w i  nd t u r b i  ne. Uni t s  : 
m i l e s  per hour. 
RPM = s h a f t  r o t a t i o n a l  speed. Th is  i s  a c t u a l l y  t h e  output  vo l tage o f  
a dc tachometer geared t o  the  p i n i o n  sha f t .  I t  i s  geared t o  
produce 23 v o l t s  a t  167 RPM. (See tab1 e below) 
= b lade p i t c h  angle measured a t  t h e  t i p .  Th is  i s  a c t u a l l y  t h e  
vo l tage  o f  t h e  feedback po t  connected t o  the  b a l l  screw. Refer 
t o  t h e  accanpanying t a b l e  f o r  conversion between vo l tage and 
degrees. 
FC = f i e l d  c u r r e n t  app l i ed  t o  t h e  f i e l d  winding. Un i t s :  dc amperes. 
LV = load vo l tage measured a t  t he  te rm ina ls  o f  t he  load. Th is  i s  
t h e  l i ne - to -neu t ra l  ac voltage. The load res is tance per  phase 
(wye-connected) i s tern ohms. 
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I 1  I. SUMMARY OF TASKS 
TASK 1 Continued Operation o f  SH-1 Experiment 
The ob ject ives of t h i s  task are t o  i n s t a l l  and evaluate the domestic 
ho t  water pre-heat system, i n s t a l l  and evaluate a new tank i nsu la t i on  and 
l i n e r ,  improve the  ove ra l l  data acqu i s i t i on  system and t o  evaluate the wind 
furnace as a heat ing concept. . 
1.1 Thermal Systems 
1.1.1 Modi f icat ions t o  system components 
During the per iod o f  tes t ing ,  several modi f icat ion t o  heat ing 
system subcomponents were made i n  order t o  improve the overa l l  energy de l i ve ry  
performance o f  the heat ing system. 
One of these modi f ica t ions included t he  add i t i on  o f  a domestic ho t  
water supply system dur ing January 1978. As shown i n  Figure 1.1 , t h i s  
system was modelled a f t e r  conventional closed-loop so la r  heat ing system de- 
signs, using the  wind and so la r  ho t  water storage tank as the energy source 
3 f o r  the  hot  water preheat. This subsystem used a 0.3 m (80 ga l )  hot  water 
2 preheat tank w i t h  a 1.86 m (20 f t 2 )  f inned heat exchanger co i  1 . The d i  f- 
f e r e n t i a l  thermostat senses the storage tank and preheat tank temperatures 
and turns on t he  c i r c u l a t i n g  pump when the storage tank temperature i s  5.6"C 
(lO°F) above the preheat tank temperature. It should be noted that ,  except 
f o r  an i n i t i a l  checkout period, t h i s  subsysterr~ was no t  i n  use dur ing the 
heating per iod when the ove ra l l  system tes ts  were ca r r ied  out. 
The second major mod i f i ca t ion  included the i n s t a l l a t i o n  of new i n -  
3 su la t i on  on the 3.8 m (1000 ga l )  hot  water storage tank. As was discovered 
i n  the  i n i t i a l  t e s t i n g  o f  t h i s  component, the thermal losses were much higher 
than acceptable (or  then predicted from a rnodel o f  an idea l ized hot  water thermal 
storage tank). This was due t o  the f a c t  t h a t  much o f  the energy loss from 
the concrete storage tank ( insulated on the outside) occurred v i a  con- 
duct ion along the concrete wal ls  t o  adjacent concrete wa l l s  t h a t  were ex- 
posed t o  ambient a i r  o r  ground temperatures. I n  order t o  overcome t h i s  
problem, 1.6 t o  2 cm. (4 t o  5 inches) o f  Owens Corning High R Sheathing 
(R = 8/ inch) were placed i ns i de  the tank and then a 30-mil PVC v i n y l  tank 
1 i n e r  was used. The performance o f  the improved tank i n s u l a t i o n  over the 
previous experimental data i s  shown i n  Figure 1.2. This newly insulated 
tank was pu t  i n t o  operat ion on January 25, 1978 and an espec ia l l y  severe 
w in te r  stonn (w i th  heavy winds) brought the water i n  the tank up t o  a temper- 
a tu re  over 90°C. Shor t l y  a f t e r  t h i s  period the tank 1 i n e r  developed several 
leaks i n  the  manufactured seam, causing a loss  o f  the  e n t i r e  ho t  water stored. 
A f te r  repeated attempts a t  patching, the l i n e r  was replaced w i t h  a seamless 
6 m i  1 polyethylene l i n e r  i n  March 1978, and has held water a t  temperatures 
up t o  80°C. 
Other system component changes included minor modi f icat ions t o  the so la r  
co l  1 ectors and the baseboard convector system. Speci f i c a l  1 y , the  i nner 
cover o f  the  co l l ec to r s  was changed from Tedlar t o  118 inch glass and ext ra  
vents were added t o  the baseboard convector f low loop. 
1 .l. 2 Experimental t e s t i n g  and data acqu i s i t i on  
A schematic o f  the  ove ra l l  data acqu i s i t i on  system fo r  the  thermal 
heat ing system i n  Solar Habi ta t  I and the wind tu rb ine  generator ( e l e c t r i c a l  
systems) i s  shown i n  F igure 1.3. The Data Logger System cor~s i  s t s  of two 
separate Fluke Model 224OA Data Loggers each coup1 ed t o  a Texas Instrument 
733 ASR D i g i t a l  Cassette recorder and te le type  terminal .  Transient data ac- 
q u i s i t i o n  f o r  the  YIG system i s  a l so  provided by a s i x  channel Sanborn s t r i p  
cha r t  recorder. 
Thermal systems data was co l lec ted  on the data logger a t  15 minute 
i n t e r va l  s and included 20 channel s o f  temperature s ignal  s , f i ve channel s 
f o r  system e l e c t r i c a l  components (such as pumps and WTG), so la r  pyrano- 
meter output, and wind speed. A f t e r  c o l l e c t i o n  o f  4 days data, the cas- 
set tes  were processed by a d i g i t a l  data reduct ion program (Figure 1.4) 
and inputed t o  another d i g i t a l  program from which the r e s u l t i n g  output  
was a d a i l y  s u m r y  o f  thermal system performance. This second program 
(see Figure 1 .5) produced hour ly  and dai 1 y averages o f  the f o l  1 owing para- 
meters : 
1 ) Ambient temperature 
2) Upstairs and basement house temperature 
3) Storage tank temperature 
4)  Solar  i nso la t i on  
5) Wind speed 
6) Percent t ime o f  c o l l e c t o r  operation 
7) Percent time o f  WTG operation 
I n  addi t ion,  d a i l y  degree days were ca lcu la ted and a complete hour ly 
and d a i l y  sumnary o f  so la r  c o l l e c t o r  performance, inc lud ing  t o t a l  d a i l y  
energy inpu t  t o  the  storage tank was produced. Figure 1.6 shows a t yp i ca l  
output  from t h i s  program. A k i lowatt-hour meter was planned f o r  the WTG 
bu t  was n o t  i n s t a l l e d  dur ing the 1977-78 heating season, due t o  the 
necessi ty t o  design an e n t i r e l y  new meter. 
Moni tor ing o f  data f r o m  the  thermal systems s ta r ted  on November 1, 
1977, and continued t o  A p r i l  15, 1978. (The l a t e  s t a r t  i n  the heating 
season was due t o  damage o f  the data acqu is i t i on  system and o ther  thermal 
system l o g i c  con t ro ls  by a l i g h t n i n g  s t r i k e  i n  August 1977). A t  t h i s  time 
complete reduct ion o f  the  thermal performance data have no t  been completed, 
bu t  some pre l iminary  r esu l t s  and a comparison w i t h  predicted resu l t s  can 
be made. (A de ta i led  technical  repor t  g i v ing  a summary o f  a l l  the exper i -  
mental data w i l l  be completed i n  August 1978. ) Due t o  some experimental 
d i f f i c u l t i e s ,  a complete data se t  f q r  the f u l l  year w i t h  f u l l y  automatic 
operat ion o f  the house was n o t  obtained. However, most o f  these d i f f i c u l t i e s  
were o f  a minor nature and consisted o f  small missing sections o f  thermal 
systems data ( i n  t he  e a r l y  p a r t  of the heating season most of these were 
due t o  the use o f  the thermal systems data logger f o r  WTG data acqu is i t i on ) ,  
o r  non-continuous operat ion o f  major system subcomponents. I n  the l a t e r  
category t h i s  included shor t  periods when the WTG, storage tank, o r  base- 
board convectors were ou t  o f  normal operation. For the case of missing 
weather data, use was made o f  National Weather Service data from Bradley 
Fie ld,  Connecticut, which has a s i m i l a r  c l imate.  
I n  general, t h e  heat ing system performed we l l  and was able t o  supply 
energy f o r  heating the  house from the hot  water storage system. For 
example, Figure 1.7 shows the operation o f  the house f o r  a day and a ha1 f 
per iod dur ing a w in te r  storm i n  February 1978. As can be seen the winds 
were q u i t e  strong dur ing t h i s  per iod (w i t h  bas i ca l l y  zero so la r  c o l l e c t o r  
input ) .  The s l i g h t  d i p  i n  the storage tank temperature during the second 
day i s  due t o  t he  e f f e c t s  o f  thermal s t r a t i f i c a t i o n  i n  the tank. That i s ,  
the tank l i q u i d  was manually s t i r r e d  by the l a rge  so la r  c o l l e c t o r  pumps i n  
an attempt to un i formly  d i s t r i b u t e  the thermal energy as maximum al lowable 
tank temperature was approached dur ing t h i s  windy period. Unfortunately, 
no t  shown on t h i s  graph, the  storage tank 1 i n e r  f a i l e d  sho r t l y  a f t e r  t h i s  
t ime per iod and t h e  heated contents o f  the tank were l o s t .  
As the thermal heating experiments were o r i g i na l  l y  planned, a k i lowat t -  
hour meter was supposed t o  be avai lab le  t o  monitor the WTG energy input, 
whi le the input  from the so la r  co l l ec to r  was determined from temperature 
d i f ference measuremnts (w i th  known co l  1 ector  system1 f low rates).  Technical 
development d i f f i c u l t i e s  forced the delay o f  construct ion o f  the k i lowat t -  
hour meter, so t h a t  the WTG power input  could not  be determined from d i r e c t  
measurements. Therefore, i n  order t o  determine the windpower energy input, 
the experimental l y  calculated so la r  and aux i l  i a r y  energy inputs must be sub- 
t racted from the house heating requirements (calculated from previous work 
on the residence. Speci f ica l ly ,  based on an assumption o f  0.4 a i r  changes 
per hour f o r  SH-1, t he  res iden t ia l  heating energy requirements/degree day 
was approximately 1.63 Kwhr/"C-day (10,000 BTU/"F-day). Also, the previously 
developed ana ly t i ca l  modeling program could be used t o  p red ic t  the heating 
requ i rements and requi red auxi 1 i ary energy i nput . 
Table 1 presents a sumnary of the i n i t i a l  energy f low estimates on a 
month-by-month basis using both analy t ica l  models and experimental data. A l -  
though the resu l t s  are subject t o  some change, when the s i t e  wind data i s  
f u l l y  analyzed, i t  can be seen t h a t  the  WTG provided a s i g n i f i c a n t  amount o f  
the res iden t ia l  heating load. 
Month 
Nov 
Dec 
Jan 
Feb 
Mar 
% 
Totals 
Table 1.1 Energy Balance f o r  SH-1 (kWhr) 
1.2 Wind Turbine 
1.2.1 Introduct ion 
During the past year, the wind turbine has, i n  general, been under 
f u l l y  automatic operation, i .e. l e f t  unattended t o  control  i t s e l f  under a1 1 
wind conditions. The energy generated has been fed i n t o  the water storage 
tank by means o f  the emersion heaters. Interrupt ions o f  the automatic oper- 
a t ion  have been due t o  minor problems o r  f o r  speci f ic  operational tests. 
Considerable experimental data has been obtained along wi th  valuable oper- 
at ional  experience. Detai ls o f  the performance data w i l l  be presented i n  the 
technical report, (I), sane o f  which has a1 ready been presented i n  refs .  2 
and 3. 
A few problems w i th  the wind turbine have plagued the project. Speci- 
f i c a l l y ,  o i l  leaks both from the truck d i f f e r e n t i a l  and from the second-stage 
speed up lube case have been annoying but have not caused any down time. The 
yaw damper, however, has bound-up on several occasions and resul ted i n  some 
down-time. Chain sprockets, two i n  par t icu lar ,  would loosen and s l i de  along 
t h e i r  mounting shaft  thus binding the chain and preventing the machine from 
yawing. Both the o i l  leaks and yaw damper problems were corrected during the 
general maintenance and repai r  period while the machine was down (June 27th 
through Aug. 2nd). 
The unlubricated f l e x i b l e  coupl ing  connected t o  the generator wore con- 
siderably and f i n a l l y  i n  l a t e  May fa i led,  resu l t ing  i n  the machine being shut 
down. A replacement coupl i n g  ( lubr icated) has been ins ta l  led and careful  
generator alignment and check-out should correct t h i s  problem. 
The tedious data reduction procedure necessitated by the analog s t r i p -  
chart  recording o f  performance data has been so time consuming as t o  delay 
the reporting. However, the somewhat higher data acquis i t ion rates on the 
Fluke Data Logger has great ly  speeded up t h i s  process. During the 1978- 
79 contract year, the t r u l y  high speed data acquis i t ion system, connected 
d i r e c t l y  t o  the CYBER computer for  data reduction, w i l l  g reat ly  speed up 
the process. 
1.2.2 Results 
Data i s  current ly  col lected by two systems dependent on the type 
of data desired. The analog (o r  continuous) Sandborn data recording system 
col lected the fol lowing analog signals (DC voltages) during transient tests  
o f  the WTG: 
1 ) Wind speed 
2) Shaft RPM 
3) F ie ld  current 
4) Load voltage 
5) Pi tch angle 
Due t o  the form o f  data and the time required t o  reduce the data, t h i s  
system i s  used pr imar i l y  f o r  demonstration purposes o r  f o r  a single event 
record. 
Figure 1.8 and 1.9 are reproductions o f  Sandborn s t r i p  char t  data. 
Fig. 1.8 shows a period o f  decreasing wind wi th  the corresponding decrease 
i n  RPM and subsequent increase i n  blade p i tch  angle as the ro to r  drops below 
20 RPM. 
Figure 1.9 shows a condit ion o f  high gusty winds with speeds exceeding 
25 mph, hence the blade p i t c h  angle being increased towards feather t o  pre- 
vent excessive RPM. 
The primary mans o f  recording wind turbine generator performance 
data i s  the d i g i t a l  acquis i t ion system using the second 2240A Fluke Data 
Logger. A modif icat ion t o  the Fluke permit t ing a 1200 baud r a t e  a1 lows 
sampling o f  f i v e  channels every second. The d i g i t a l  data i s  stored on cas- 
set te  tapes and then processed t o  give instantaneous values o f  the fol lowing 
parameters : 
1) Wind speed 
2) Rotor RPM 
3) Tip-speed r a t i o  
4) Blade-pi tch angle 
5) F ie ld  current 
6) Load voltage 
7) E lec t r i ca l  power produced 
8) Available paver from the wind 
9) Overall e f f i c iency  
One computer program i s  used t o  analyze the data and l i s t  a l l  parameters 
i n  the order they occurred o r  chronological l y  . A second program s i f t s  through 
the data and sorts i t  i n t o  d i f f e ren t  "bins" according t o  the value o f  a par- 
t i c u l a r  parameter. This program also contains curve f i t t i n g  routines f o r  
1 inear equations o r  power curve f i t s .  
Figure 1.10 shows measured e l e c t r i c  power output ( f o r  the purely res is -  
tance load) as a funct ion o f  r o t o r  shaf t  RPM f o r  automatic control  operation. 
This same data was reduced using the "method o f  bins" t o  sor t  the data f o r  
constant tip-speed-ratio operation, and i s  shown i n  Figure 1.11. Each curve 
represents constant tip-speed-ratio operation. A1 so shown i s  the design point  
o f  25 kW a t  11.7 nJs f o r  a tip-speed-ratio o f  7.5. 
1 .2.3 Expanded Data Acqui s i ti on 
Higher speed and expanded capabi 1 i t y  fo r  data acquisi t ion 
have become essential. Higher speed i s  needed f o r  the adequate resolut ion 
of the blade s t r a i n  data. Speed and expanded capacity are needed i n  order 
t o  co r re la te  the  wind speed and d i rec t ion ,  blade s t r a i ns  and r o t o r  indexed 
posi t ion,  r o t o r  shaft torque, wind turb ine power output, e tc .  
This expanded data acqu i s i t i on  system i s  being i n s t a l l e d  along w i t h  the  
b lade-s t ra in  system wh i le  t he  wind turb ine i s  down f o r  serv ic ing and repa i r .  
Figure 1.12 i s  a  b lock diagram o f  the ground por t ion  o f  t h i s  h igh speed 
data acqu i s i t i on  system. The data c o l l e c t i o n  cyc le  i s  shown i n  Figure 1.13 
and the data format i s  shown i n  Figure 1.14. 
Data t h a t  i s  co l lec ted  f o r  t h i s  system i s  ava i lab le  as e i t h e r  b inary coded 
decinal - two d i g i t ,  o r  natura l  b inary  8-bi t words. The system provides a  
" rea l  tirne" c lock  t o  (1) uniquely i d e n t i f y  c o l l e c t i o n  blocks, ( 2 )  compute 
"ang le - t im"  t o  "absolute-time" data adjustments, (3)  provide c lock/strobe f o r  
anemometer boards and (4) enable automatic "alarm" system operation. 
Anemometer s ignals are processed corr~pletely d i g i t a l l y ,  i .e. w i thout  analog 
conversion. Accuracy i s  approximately - + .2 m/s. The f r o n t  end o f  the boards 
are o p t i c a l l y  i so l a ted  t o  prevent h igh voltage t rans ients  enter ing the system 
from l i g h t n i n g  o r  other e l e c t r o s t a t i c  e f fec ts .  
This system should be i n s t a l l e d  and operational i n  ear l y  September. 
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TASK 2 Continued Aerodynamic and Blade Studies 
2.1 In t roduc t ion  
The ob ject ives o f  t h i s  task a re  t o  complete the  study o f  blade shapes, 
t o  layout  and const ruct  a 17.5 ft radius Linear Taper L inear Twist  (LTLT) 
model blade, and t o  conduct a blade s t r uc tu ra l  analysis program w i t h  exper i -  
mental v e r i f i c a t i o n .  
2.2 Blade Shape Studies 
The blade study has been completed w i t h  a po r t i on  o f  i t  appearing i n  
re fs .  1 and 2. Results o f  t h i s  study show the optimized LTLT blade t o  be as 
o r  near ly  as e f f i c i e n t  as the  aerodynamically optimum (non-1 inear  taper and 
t w i s t )  blade. 
Figure 2.1 i s  a p l o t  o f  blade bending moment d iv ided by the  cube o f  the 
chord f o r  t he  three blade shapes o f  optimum (OPT), L inear Taper Linear Twist 
(LTLT), and Constant Chord Zero Twist (CCZT) blades. The s ign i f i cance  o f  t h i s  
f i g u r e  i s  t h a t  the bending moment d iv ided by the cube o f  the chord i s  a t  
l e a s t  proport ional  t o  the stress.  As can be seen, the LTLT blade has a 
mater ia l  (chord) d i s t r i b u t i o n  t ha t  gives the lowest stress l eve l  s. 
The 17.5 ft (5.33 m) radius model blade has been completed and the fo l low ing  
pages g ive the  cha rac te r i s t i c s  and computer predicted performance f o r  t ha t  
blade based on the Y i l son  and Lissaman performance program. 
2.3 Blade Structural  Analysis 
Early design and analysis work on the WF blades was done by Stoddard and 
Van Dusen and appears i n  r e f .  3 and 4. These blade charac te r i s t i cs  are also 
described i n  Figures 2.2 and 2.3. 
An extensive computer program (MOMENTS) has been wr i t t en  (APL language) 
t o  be t te r  determine the s t ruc tu ra l  behavior o f  blades o f  varying geometry and 
construction. A block diagram o f  the program i s  shown i n  Figure 2.4. Blade 
section character is t ics  are inputed, calculated and stored f o r  use throughout 
the program. Blade def lect ions and stresses are calculated f o r  speci f ied loads 
and f o r  varying blade p i t c h  angles. 
The program has been v e r i f i e d  both by inser t ing  known beam character is t ics  
and by experimental measurements. 
A load o f  15.5 lbs. applied a t  r / R  = .95 and a t  25% o f  the chord resul ted 
i n  a measured t i p  de f lec t ion  of 2.96 - + .04 inches i n  the f lapwide d i rec t i on  and 
.36 - + .14 inches i n  the lead d i rect ion.  The predicted def lect ior ls f o r  t h i s  
loading was 2.99 inches and .57 inches respect fu l ly .  There was no detectable 
angular r o t a t i o n  o f  the blade. 
Agreement between measured and predicted blade s t ra ins  has been shown t o  
be good (see Figures 2.5 and 2.6). Figure 2.5 shows the resu l t s  o f  s t a t i c  
tes ts  o f  s t ra ins  as a funct ion of percent chord measured a t  the .475,radius 
s ta t i on  for d is t r ibu ted  loads o f  one-half rated. (S t ra in  gages are mounted 
around the  blade section.) Figure 2.6 shows the blade sk in  stress a t  40% 
o f  the chord as measured along the blade. (These gages are mounted a t  every 
10% radius s ta t i on  along the  40% chord l ine . )  The gage a t  10% radius s ta t i on  
i s  mounted on the c i r c u l a r  cross-section por t ion o f  the spar. 
Deta i l s  o f  t h i s  experimental arrangement and o f  these resu l t s  as we1 1 as 
the analysis, inc lud ing f lapping, w i l l  be presented i n  technical reports which 
w i l l  be avai lab le  i n  l a t e  August. 
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TASK 3 Continued Controls Design 
3.1 In t roduc t ion  
The object ives o f  t h i s  task are t o  t e s t  the ex i s t i ng  c o n t r o l l e r  under 
f u l  l y  automatic operat ion and t o  desi gn , bui  l d  and t e s t  a m i  cro-processor con- 
t r o l  l e r  incorporat ing blade p i t ch  con t ro l  , generator f i e l d  cont ro l  and yaw 
cont ro l .  
3.2 Ex is t ing Contro l ler  
The UMASS wind tu rb ine  became operational under f u l  l y  automatic cont ro l  
i n  September 1977. This cont ro l  sys tem i s  descr i  bed i n  deta i  1 i n  r e f .  1. 
L ightn ing damage t o  the  i s n t r u m n t a t i o n  prevented t e s t i n g  o f  the system u n t i l  
November. 
The blade p i t c h  c o n t r o l l e r  var ies the p i t c h  angle, 6 o f  the blade (defined 
as the angle between the blade chord a t  the t i p  o f  the blade and the plane 
o f  r o t a t i o n )  t o  maximize the power out  o f  the r o t o r  f o r  any operational wind 
condit ions. It a lso serves t o  set  the blades a t  the angle f o r  maximum s t a r t -  
up torque (minimum cu t - i n  speed) and t o  feather the blades t o  shut down i n  
high winds. 
The F ie ld  Cont ro l le r  var ies the generator f i e l d  cur rent  t o  match the 
load o f  the generator t o  t he  power being produced by the ro to r .  
F u l l y  automatic operation means t h a t  the wind turb ine i s  allowed t o  run 
unattended and considerable operating time was logged dur ing the past year. 
A sample o f  t h i s  automatic rode o f  operation i s  shown i n  Figure 3.1, a con- 
d i  t i o n  of gusty winds exceeding 25 mph a t  times w i t h  a consequent b r i e f  i n -  
crease i n  blade p i t c h  angle. It should be noted t h a t  the f i e l d  cur rent  
f luctuated i n  response t o  the  abrupt changes (o r  spikes) i n  the wind and RPM. 
Simi la r  curves a re  presented i n  r e f .  2. 
The con t ro l  system was tested throughout the f u l l  range o f  operational 
condi t ions from s tar t -up (Region-1) through shut-down (Region 4) and back. 
Region 3 operation, t h a t  o f  constant power constant RPM i s  the most severe 
and the  6 degrees/sec p i t c h  r a t e  f o r  the blades i s  i n s u f f i c i e n t  t o  maintain a 
given RPM w i t h  + 10. Furthermore, the  concept o f  the f i e l d  cur rent  being 
pre-scheduled as a func t ion  o f  generator RPM appears t o  cause some problems. 
As can be seen i n  Figure 3.1, the  f i e l d  cur rent  f l uc tua tes  r a p i d l y  and when 
the  generator f l uc tua tes  around 400 RPM, the f i e l d  cu r ren t  i s  con t inua l l y  
going on and o f f .  This cond i t i on  puts an unnecessary s t r a i n  on the f l e x i b l e  
coupl ing and i s  bel ieved t o  be the  main cause f o r  i t s  f a i l u r e .  Both o f  these 
problems w i l l  be corrected w i t h  the i n s t a l l a t i o n  o f  the micro-processor con- 
t r o l l e r .  
3.3 Microprocessor Con t ro l le r  
A microprocessor con t ro l  l e r  f o r  the UMASS Wind Turbine has been designed 
and b u i l t  and w i l l  be i n s t a l l e d  by the t ime the wind tu rb ine  i s  erected f o l -  
lowing the maintenance and repa i r .  This c o n t r o l l e r  i s  described i n  d e t a i l  
i n  r e f .  3. 
The con t ro l  scheme f o r  t he  system i s  determined by the microprocessor 
program. As such, the con t ro l  system can be used t o  t r u l y  opt imize the Wind 
Furnace con t ro l  o r  t o  simulate various types o f  con t ro l l e r s  simply by re-  
programing. 
The system has the fo l low ing  n ine basic components (a block diagram i s  
shown i n  Figure 3.2): 
1 . S i  gnet ics ABC 1500 n~icroprocessor board. 
2. Blade p i t c h  system motor in ter face.  
3. Yaw motor in ter face.  
4. Generator f i e l d  cur rent  in ter face.  
5. Sixteen analog inpu t  channels in ter face.  
6. Eight  d i g i t a l  inputs  in ter face.  
7. Eight  d i g i t a l  outputs inter face. 
8. System power supply. 
9. Low bat tery  voltage feather c i r c u i t .  
The f i e l d  cur rent  i n te r f ace  supplies cur rent  t o  the generator f i e l d  pro- 
por t iona l  t o  an 8 - b i t  number sent from the microprocessor. The in te r face  can 
supply f i e l d  cur rent  i n  the range o f  0 t o  1 amp and adjustable i n  3.9 mi l l iamp 
increments. 
The blade p i t c h  system and the  yaw d i rec t i on  system use 24 vo1 t DC motors. 
The in ter faces between the ABC 1500 and the motors cons is t  o f  a pulse width 
modulator and a switching t r a n s i t o r  br idge amp l i f i e r  w i t h  the pulse-width 
c o r ~ t r o l l e d  by a word sent from the ABC 1500. 
I n i t i a l l y  the cont ro l  system has f i v e  sensors t o  produce analog outputs 
sensing: 
1. Rotor RPM (DC tachometer). 
2. P i t ch  angle w i t h  a potentiometer geared t o  the p i t c h  l inkage. 
3 .  Yaw d i r e c t i o n  w i t h  a potentiometer geared t o  the yaw d r i v e  system. 
4. & 5. Wind speed and d i r e c t i o n  - DC signal f r o rn  an R.M. Young 
anemometer. 
This system w i l l  be i n s t a l l e d  and i t s  operation checked out by mid-August. 
I t s  f u l l  operation w i l l  be evaluated dur ing the next cont ract  year bu t  i t s  
f u l l  capab i l i t y  w i l l  not  be evaluated u n t i  1 such time as many d i f f e r e n t  cont ro l  
schemes can be programed and tested. 
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TASK 4 Wind F ie ld  Analysis and Measurement 
4.1 Introduct ion 
The object ive o f  t h i s  task i s  t o  measure and analyze the wind f i e l d  i n  
the v i c i n i t y  o f  WF1 and t o  measure the dynamic in te rac t ion  between the wind 
and the turbine operation. 
Five R.M. Young anemometers have been purchased and mounted on f i v e  towers 
i n  the v i c i n i t y  o f  the wind turbine as shown on Figure 4.1. Pr io r  t o  t h e i r  
mounting, the anemmeters were a l l  tested i n  the wind tunnel and t r ~ e i r  speed 
was found t o  be w i th in  2% o f  the manufacturer's ca l ibrat ion.  The anemometers 
were f i r s t  operational i n  mid-January 1978. However they immediately stopped 
working and had t o  be returned t o  R.M. Young Corp. f o r  some revisions. These 
changes are detai led i n  (1 ). The anemometers were again mounted on the towers 
and f i n a l l y  became operational a t  the end o f  February 1978. 
4.2 Experimental Results 
By the end o f  the contract period the fol lowing measurements are repre- 
sentative of what has been made: The ver t i ca l  wind shear p r o f i l e  Fig. 4.2, 
the power spectral density of the horizontal wind gustiness Fig. 4.3, the 
t ransfer  funct ion between the wind speed and the generator power Fig. 4.4, 
and a typ ica l  wind speed histogram Fig. 4.5. Figures 4.3, 4.4, and 4.5 were 
a l l  made for the same condit ions on Apr i l  2, 1978 o f  average wind speed 7.29 
m/s, average generator voltage 139.68 vo l t s  during a 1/2 hour period. 
The most in te res t ing  and useful o f  these measurements i s  the t ransfer  
function i n  Figure 4.4. This measurement indicates tha t  the wind turbine 
can fo l low the wind speed f luctuat ions up t o  a frequency o f  about n = 0.02 
Hz. Above t h i s  "cut-of f  frequency," the t ransfer  funct ion i f  rap id ly  
attenuated ind ica t ing  tha t  the machine i s  no longer fol lowing f luctuat ions 
i n  wind speed above n = 0.02 Hz. 
It i s  proposed tha t  t h i s  concept of a  cut-of f  frequency be used as 
a general measure o f  wind turbine performance. The higher the cu t -o f f  f r e -  
quency, the more energy the turb ine extracts from the wind ; thus the best 
wind turbine would have the highest cu t -o f f  frequency. It should be noted 
tha t  t h i s  whole concept of cu t -o f f  frequency can be made i n  terms o f  wave 
number - which i s more general . 
The de ta i l s  o f  the measurements and the data processing, and fur ther  
analysis o f  data l i k e  Figures 4.2 through 4.5 are a l l  contained i n  the fo r th -  
coming technical repor t  (1 ). 
The other facet  o f  t h i s  task completed during the contract period was 
the construction o f  a  potent ia l  f low model f o r  the f low f i e l d  upstream o f  a  
horizontal ax is  wind turbine. The f u l l  de ta i l s  o f  the model are given i n  
Reference 2. 
The most valuable pa r t  o f  the model i s  that  i t  can be applied t o  any 
wind turbine wi th  any nacelle body shape. The resu l ts  i n  (2 )  are presented 
as a FORTRAN Program which can be run by anyone f o r  any wind turbine. The 
model w i l l  give the canplete ve loc i ty  f i e l d  and f low streaml ines fo r  the 
wind f i e l d  upstream o f  any wind turbine. 
A few representative resu l ts  f o r  the UMASS WF1 are shown i n  Figures 4.6, 
4.7 and 4.8. 
Figure 4.6 shows the streamlines upstream o f  the turbine and nacelle body. 
Note tha t  i n  about 1 1/2 blade r a d i i  upstream o f  the blade disc, the inf luence 
of the wind turbine i s  no longer fe l t .  Figure 4.7 shows the x  and y components 
o f  the ve loc i ty  f i e l d  upstream o f  the turbine blade disc, and Figure 4.8 
shows the stagnation streaml i ne  ve loc i ty  p r o f i l e  upstream o f  the nacel l e  body. 
Note tha t  i n  Figure 4.8, the presence o f  the wind turbine considerably af fects  
the flow velocity.  
The program presented i n  (2) should be useful to  wind turbine designers 
i n  estimating the e f f e c t  of a par t icular  nacel le shape and i n  choosing where 
t o  mount an anemometer i n  the wind f i e l d .  
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TASK 5 Continued Dynamic Analysis 
5.1 Introduct ion 
The object ive o f  t h i s  task i s  t o  conduct a dynamic analysis o f  the 
guyed pipe tower t o  obtain the tower mode shapes, frequencies and periods 
i n  bending. 
The UMASS Wind Furnace i s  supported by a guyed pipe tower. The tower 
i s  60 ft (18.3 m) i n  height and made from 10 inch (25.4 cm) 318"-wall steam 
pipe. It i s  supported a t  the base w i th  a b a l l  and socket and guyed a t  the 
46 ft (14 m) height w i th  4-guys. The wind turbine applies a v e r t i c a l  load 
o f  2100 lbs  and the design horizontal load a t  the top i s  3500 1 bs. 
Dynamic equations o f  motion f o r  the tower and guys have been wr i t t en  
including the e f f e c t  o f  damping due t o  the guys. These equations were then 
solved by computer t o  obtain the f i r s t  f i v e  bending modes, frequencies and 
periods. 
Deta i ls  o f  t h i s  analysis, the computer program and the resu l t s  w i l l  be 
presented i n  the technical repor t  UM-WF-TR-78-10 t o  be avai lable i n  ear ly  
August . 
5.2 Discussion o f  Results 
Figures 5.1 through 5.5 show the f i r s t  f i v e  mode shapes, frequencies 
and periods f o r  the WF tower. The def lect ions shown are the ress l t s  due t o  
a u n i t  def lect ion a t  some pofnt. The f i r s t  mode can be observed without 
d i f f i c u l t y  and the lowest frequency o f  v ib ra t ion  i s  passed through a t  a 
f a i r l y  low r o t o r  RPM. 
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TASK 6 Continued Design and Test o f  MOD-4 
6.1 In t roduc t ion  
The ob ject ives o f  t h i s  task are  t o  conduct laboratory t es t s  on two sizes 
o f  a mechanical churn, t o  evaluate t rade-of fs  between sha f t  dr iven and a l o f t  
water tw i s te r s  and t o  evaluate b e l t  drive,transmissions, r o t a r y  f l u i d  j o i n t s  
and general i n s t a l l a t i o n  concepts. 
The MOD-4 Wind Furnace embodies the concept o f  provid ing hot  water f o r  
domestic and space heating by means o f  a wind d r i ven  mechanical churn. Two 
models o f  the  A l l  American Engineering water tw is terR,  a 12 inch and a 14 
inch  model, have been borrowed and tested i n  the laboratory.  Figure 6.1 shows 
a cut-away view o f  the water tw is te r .  Figures 6.2 and 6.3 show conceptual ly 
the arrangements f o r  the sha f t  d r i ven  and the a l o f t  water tw is ters .  
Laboratory t e s t s  have been conducted using both the 12 and 14 inch 
models connected t o  the diesel-powered t e s t  stand. 
6.2 Resul t s  and Conclusions 
Laboratory t e s t  r e s u l t s  a re  shown i n  Figures 6.4 and 6.5. Both curves 
show power i n  kw abosrbed by the t w i s t e r  as a func t ion  o f  t i p  speed i n  m/s 
w i t h  Figure 6.5 presented on a log- log p l o t .  The s o l i d  l i n e s  are  f o r  a 
least-square f i t  through the experimental data points.  
These t es t s  show the  power t o  be a cubic func t ion  o f  tip-speed, hence 
o f  RPM. Therefore, the water t w i s t e r  i s  i d e a l l y  su i ted t o  be matched t o  a 
wind tu rb ine  which a l so  exh ib i t s  a cubic power re la t ionsh ip .  
The shaft -dr iven mechanical churn (vers ion A) has the disadvantages 
o f  gearing losses and the need f o r  bearing supports f o r  the long r o t a t i n g  
sha f t  going down the  f u l l  length  o f  the tower. The a l o f t  mechanical churn 
(vers ion C) does away w i t h  the  long shaf t  problems bu t  has the disadvantages 
of r equ i r i ng  a f l u i d - j o i n t  a t  the yaw-axis tower i n t e r f ace  and the heat 
loss from the p ip ing  up and down the tower. Concentric we l l  insu la ted pipes 
w i t h  the hot  water ca r r i ed  down the  ins ide  pipe reduces these losses. An t i -  
freeze i s  needed t o  prevent freezing f o r  the a l o f t  version. 
These t rade-of fs  appear t o  very near ly  balance out  w i t h  no c l ea r  advantage 
o f  one vers ion over the other. 
A s imulat ion tower i s  being i n s t a l l e d  adjacent t o  the laboratory t o  f u r t he r  
evaluate the two-versions, problems and i n s t a l l a t i o n  concepts. Greater d e t a i l  
on the t es t s  conducted and conceptual evaluations w i l l  be presented i n  a 
technical  r epo r t  t o  be a v a i l b l e  i n  l a t e  August. 
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TASK 7 Analy t ica l  and Economic Modeling 
7.1 Advanced Wind Furnace Concept 
Work under t h i s  task has been completed and i s  presented i n  the technical  
repor t  o f  Sarkis ian and McGowan, "A Prel imianry Investigation o f  Three Ad- 
vanced Wind Energy Sys tems f o r  Residential and Farm Appl i ca t i ons  ," UM-WF-TR- 
78-1 (under cu r re tn  r ev i s i on  - t o  be reissued i n  Aug. 1978). A paper summar- 
i z i n g  t h i s  work w i l l  be presented a t  the In te rsoc ie ty  Energy Conversion Engi- 
neering Conference i n  August. The work completed under t h i s  task represented 
an extension o f  previous research on wind powered heat ing systems and extends 
the wind energy app l i ca t ion  t o  the supply o f  e l e c t r i c i t y  as we l l  as space and 
ho t  water energy loads f o r  r u r a l  residences and farms. I t  was shown t h a t  some 
o f  these systerr~s are compet i t ive w/conventional energy systems, i f  the wind t u r -  
b ine generaors are mass produced. In order t o  continue the work o f  t h i s  
i n i t i a l  invest igat ion,  f u tu re  experimental and ana l y t i ca l  research i s  recom- 
mended. 
7.2 Systems Studies o f  Larqe Wind Furnace Desisns 
This work per ta ins  t o  the inves t iga t ion  of the s u i t a b i l i t y  o f  using mu l t i -  
p l e  wind tu rb ine  generators (WTG) t o  s a t i s f y  the thermal o r  thermal and elec- 
t r i c a l  needs o f  an i n d u s t r i a l ,  i n s t i t u t i o n a l ,  and a commercial user. One 
ana ly t i ca l  model used i s  a modi f ica t ion o f  the one developed by Sarkisian, e t  
a l .  f o r  the study o f  advanced wind furnace system concepts. That i s ,  mu l t i p l e  
WTG systems studied based on t h i s  design was one t ha t  provided condit ioned 
e l e c t r i c  power, e i t h e r  condi t ion ing the e l e c t r i c a l  output  o f  the WTG's through 
an i nve r t o r  o r  sending energy i n t o  a low temperature thermal storage component 
(ca l led  the Improved Wind Furnace System IWF). A machine shop, a l oca l  regional  
school, and a c o m r i c a l  greenhouse were used f o r  the case studies f o r  the 
three types o f  user app l ica t ion.  The wind energy conversion system was the 
Improved Wind Furnace where the e l e c t r i c a l  and thermal loads were t o  be 
s a t i s f i e d  and the o r i g i n a l  wind furnace concept where on ly  thermal loads 
were needed. A de ta i led  technical  r epo r t  showing the predicted performance 
o f  the various WTG;s i s  i n  prepqrat ion and i s  expected t o  be f in i shed  by l a t e  
August 1978. 
Another ob jec t  o f  t h i s  study was the refinement o f  the economic analysis 
used fo r  previous ana l y t i ca l  wind energy system studies. A 1 i f e - c y c l e  cost ing 
approach has been used, inc lud ing  the purchaser's r a t e  o f  opportuni ty and 
e f f ec t s  o f  tax  deductions f o r  i n t e res t ,  operat ing expenses and depreciat ion. 
Also, a s e n s i t i v i t y  analysis t o  determine the important economic parameters 
w i l l  be made f o r  each case study. Results using t h i s  economic approach w i l l  
be presented i n  the August technical  repor t .  
7.3 Improvement o f  Current Ana ly t i ca l  ~ o d e l ' s  and Development o f  Simp1 i f i e d  
Ana ly t i ca l  Model s 
I n  conjunction w i t h  Task 1, the ana l y t i ca l  model f o r  the thermal per- 
formance p red ic t ion  o f  SH-1 has been updated t o  r e f l e c t  design changes and 
improved ana l y t i ca l  s imulat ion techniques. Thus the cur ren t  d i g i t a l  computer 
model f o r  s i m l a t i o n  o f  wind (and so la r )  heating systems has been used as an 
engineering too l  f o r  the analysis o f  experimental data from SH-1. 
A major e f f o r t  has been expended dur ing the past year on the  development 
o f  simp1 i f i e d  design models f o r  wind heated residences. The main ob jec t i ve  
o f  t h i s  work i s  t o  develop s i m i p l i f i e d  design models t h a t  can be used by a 
wide spectrum o f  people who would l i k e  t o  know what the  predicted performance 
of wind systems would be - wi thout  requ i r ing  the expert ise, time, and cost  
demands o f  t he  cur rent  hour-by-hour computer model . 
Considerable progress on t h i s  subtask has been made dur ing the past year 
(a  technical  r epo r t  sumnarizing the work through Ju ly  1978 w i l l  be issued i n  
August). 
The methodology o f  t h i s  work i s  ou t l i ned  i n  Fig.  7.1. It was o f  primary 
concern t o  consider what in format ion i s  needed t o  evaluate a proposed win 
furnace app l i ca t ion  and what s o r t  o f  data i s  most r e a d i l y  ava i lab le  t o  provide 
a basis f o r  t h a t  evaluation. The basic in format ion needed i s  the  expected 
power output of the wind machine, the heating load o f  the home, and how the  
two are matched, t h a t  i s ,  what quan t i t y  o f  storage and/or aux i l  i a r y  heating i s  
necessary. 
Together w i t h  the  economic charac te r i s t i cs  o f  the system, t h i s  informat ion 
w i l l  a l low i n t e l l i g e n t  decisions t o  be made regarding the appropriateness o f  
t he  proposed wind furnace. 
I n  p red ic t ing  the ava i lab le  wind power i t  i s  necessary t o  know the charac- 
t e r i s t i c s  of both the  wind machine and o f  the wind regime. For the purpose 
o f  the  model i t  has been assumed t h a t  the c u t  i n  speed ra ted speed, power, and 
cut-out  speed w i l l  be ava i lab le  f o r  any given wind machine. This i s  not  q u i t e  
co r rec t  as w i l l  be discussed l a t e r .  
The wind regime i s  considerably more d i f f i c u l t  t o  quant i fy .  Wind data i s  
ava i lab le  f o r  numerous locat ions throughout the  country, but  these are seldom 
d i r e c t l y  re levant  t o  a spec i f i c  s i t e  some distances away. The discrepancy 
appears less not iceable i n  f l a t  t e r ra i n ,  bu t  can be q u i t e  s i g n i f i c a n t  i n  
h i l l y  o r  mountainous regions o r  where the  surface charac te r i s t i cs  vary. How- 
ever, i t  does no t  appear unreasonable t o  monitor wind speed f o r  a r e l a t i v e l y  
shor t  per iod a t  the proposed s i t e  and use long term data from a nearby 
meterological s t a t i o n  t o  gage the s i t e ' s  long term a p p l i c a b i l i t y .  A number 
o f  areas have been separated from each other f o r  the purposes o f  analysis:  
1)  Short term v a r i a b i l i t y  o f  the wind 
2) Long term a v a i l a b i l i t y  o f  the wind 
3 )  Var ia t ion  o f  wind speed w i t h  height .  
Spectral analysis o f  the wind has ind icated t h a t  power i s  underestimated by 
assuming the wind speed i s  constant a t  i t s  averaged o r  sampled value dur ing 
an hour. The underestimation appears, however, t o  be s i g n i f i c a n t l y  less than 
10%. Accordingly, no co r rec t ion  f ac to r  has y e t  been appl ied t o  the hour by 
hour computer model due t o  the uncer ta in ty  surrounding t h i s  e f f e c t .  Fig. 7.2 
represents power as a func t ion  o f  frequency and ind ica tes  which frequencies 
have the most energy. (For t h i s  example the magnitude o f  the high frequency 
gust energy i s  higher than would be normally expected as the example data was 
taken dur ing hurr icane winds . ) 
On the t ime scale o f  greater than one hour, v a r i a b i l i t y  i n  the wind speed 
can have considerable e f f e c t  on the power output. Work here ind icates t h a t  
app l i ca t ion  of the Wei b u l l  p r o b a b i l i t y  d i s t r ibu t ion ,  using the average wind 
speed and standard dev ia t ion a1 lows a good estimate o f  energy production. 
A computer program has been prepared which pred ic ts  power output from any wind 
machine as prev ious ly  characterized, using on ly  those two sample measures. 
Close agreement has been found on a monthly basis between power predicted 
from hour by hour ca lcu la t ions and those predicted using the Weibull d i s t r i -  
bution. As an example, Fig. 7.3 ind icates the p l a n t  f a c t o r  f o r  UMASS WF-1 
as a funct ion o f  the average wind speed f o r  various degrees o f  va r iab i  1 i ty.  
Various models are ava i lab le  f o r  est imat ing wind speed as a funct ion o f  
height. Several computer programs were w r i  t t e n  i n  order t o  compare predict ions 
from the various models w i th  actual data taken on e l e c t r i c  u t i l i t y  weather 
towers. Prel iminary resu l t s  ind icate a substant ia l  discrepancy between models. 
The best r e l i e f  seems t o  be t o  emphasize tha t  wind speeds a t  proposed s i tes  
should be monitored a t  design hub height, and tha t  whenever possible 
meterological s ta t ions should be encouraged t o  take data which would al low 
determi nat ion of an appropri ate power 1 aw exponent. 
The second area o f  major concern i s  the h e ~ t i n g  load. It i s  o f ten as- 
sumed t h a t  the heating load i s  d i r e c t l y  proport ional t o  the temperature d i f -  
ference. That approach, however, i m p l i c i t l y  assumes t h a t  the e f f e c t  o f  the 
wind and i n f i l t r a t i o n  are both essent ia l l y  constant. I t  does appear from 
these ana ly t i ca l  models t h a t  i n  a proper ly designed bui ld ing,  wind has a 
r e l a t i v e l y  small e f f e c t  on the conduction 1 osses. However, i n f i  1 t r a t i o n  can 
cont r ibute a substant ia l  amount t o  the heating load, even more than one h a l f .  
Recent work has provided a method f o r  estimating i n f i l t r a t i o n  on an hour by 
hour basis, as a funct ion o f  both temperature d i f ference and wind speed, using 
an experimentally determined o r  calculated f low coe f f i c i en t .  The UMASS hour 
by hour model has been modif ied t o  include tha t  a f f ec t .  I n  addi t ion,  pro- 
cedures have been worked out  t o  al low predic t ion o f  monthly average i n f i l t r a t i o n  
as a funct ion o f  average temperature and wind speed. The Wei b u l l  d i s t r i b u t i o n  
was used i n  evaluating the wind a f f e c t  port ion, which i s  believed t o  vary as 
the wind speed to  the 1.3 power. 
Depending on the meteorological condit ion, i t  i s  conceivable t ha t  aug- 
menting the wind system w i th  so la r  co l lec to rs  as i n  Solar Habi tat  I would be 
economically a t t rac t i ve ,  espec ia l ly  f o r  heating domestic hot  water during 
windless months. A computer subroutine has been prepared which allows a 
co l l ec to r  which has been tested according t o  NBS standards t o  be modeled 
i n  the hour by hour program. Techniques f o r  p red i c t i ng  monthly so lar  
con t r ibu t ions  from a few parameters should be forthcoming. 
Future work w i l l  involve using actual and synthet ic  data i n  conjunction 
w i t h  the hour by hour model t o  p red i c t  the f r a c t i o n  o f  the heating load 
suppl ied by the wind furnace system. The resu l t s  w i l l  then be correlated 
w i t h  the monthly parameters t o  provide a simp1 i f i e d  engineering design method 
f o r  obta in ing performance predict ions.  
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TASK 8 Pro jec t  Management 
8.1 In t roduct ion 
The ob ject ives o f  t h i s  task are t o  provide the p ro j ec t  management and 
coordinat ion necessary f o r  the  smooth and t ime ly  conduct o f  a l l  research and 
t e s t i n g  as we l l  as t o  provide f o r  the submission o f  monthly, s i x  month and 
f i n a l  progress repor ts  and t o  e d i t  and submit a1 1 technical repor ts .  
8.2 Reporting 
The cont ract  per iod was o r i g i n a l l y  from Ju l y  1, 1977 t o  June 30, 1978 but  
as subsequently extended t o  August 15, 1978. During t h i s  per iod monthly 
progress reports were submitted f o r  Ju l y  - September, October, November and 
December 1977 and f o r  January, February, March and A p r i l  , 1978. 
Telephone conference c a l l  s  served t o  keep the p ro j ec t  moni t o r  abreast of 
progress on a weekly basis. A year end p ro j ec t  review was held f o r  the Wind- 
power p ro j ec t  Group a t  Rocky F la ts  on June 9, 1978 when presentat ions were 
made by Drs. Cromack, McGowan, and Kirchhoff .  This repor t  cons t i tu tes  the f i n a l  
cont ract  progress repor t .  
Numerous presentations, papers and technical  repor ts  have resu l ted from 
t h i s  cont ract  year 's  work and are l i s t e d ,  along w i t h  previously published 
work under the  repor t  sect ion t i t l e d  "Papers and Pub1 i ca t i ons  t o  Date." 
A Wind Turbine Blade Workshop was he1 d on January 17, 1978 a t  the  
Un ive rs i t y  o f  Massachusetts. There were a t o t a l  o f  62 people i n  attendance 
f o r  the one-day program o f  presentat ions, l a b  tou rs  and discussions. The 
workshop was deemed h igh l y  successful due p a r t l y  t o  the r e l a t i v e l y  small s i ze  
and p a r t l y  t o  the f a c t  t h a t  it was a s p e c i a l i t y  as opposed t o  a general workshop. 
I t  i s  the f irm be l i e f  o f  many that special i ty workshops can serve a very 
worthwhile purpose i n  advancing the technology and understanding of wind 
energy conversion systems. 
I V  . PARTICIPATING PERSONNEL 
A s i g n i f i c a n t  pa r t  o f  the wind power program a t  the Univers i ty  o f  
Massachusetts i s  the educational aspect f o r  the students involved i n  the 
research and demonstration program. Several students both graduate and 
undergraduate, beyond those supported d i r e c t l y  by t h i s  contract  have enhanced 
t h e i r  education by t h e i r  associat ion w i t h  the program. Nearly a l l  o f  these 
students t o  graduate have continued i n  energy re la ted  work o r  studies. 
Following i s  a l i s t  o f  a l l  the personnel involved i n  the wind power pro- 
gram dur ing the past year. Also shown a f t e r  each name i s  the type o f  
appointment o r  assignment and the source of support, i f  any. 
I. Facul t.y 
1. D r .  Duane E. Cromack, Associate Professor, Mechanical Engineering De- 
partment, Pr inc ipa l  Invest igator  
2. P r o f .  Wi l l iam E. Heronemus, Professor o f  C i v i l  Engineering. 
3. D r .  Robert H. Kirchhoff ,  Associate Professor o f  Mechanical Engineering. 
4. Dr .  Jon G. McGowan, Professor o f  Mechanical Engineering. 
5. D r .  Richard V. Monopol i , Professor o f  E lec t r i ca l  and Computer Engineering 
11. Other Professional S t a f f  
Michael G. Edds, Research Engineer 
I I I.. Graduate Students 
(Students were a l l  supported under t h i s  cont ract  and a l l  i n  the Mechanical 
Engineering Department unless otherwi se noted. ) 
1. Thomas Broderick, M.S. candidate, School o f  Engineering Teaching Associate, 
ana ly t i ca l  and economic studies, t o  job Owens Corning Fiberglass, Colhmbus, 
Ohio. 
Bruce Johnson, M.S. candidate, C i v i l  Engineering, School o f  Engineering 
Teaching Associate, tower dynamics. 
Daniel Lewis, Ph.D. candidate, thermal systems, jo ined TEA, H a r r i s v i l  l e ,  
N.H. 
Barry Liebowitz, M.S. candidate, Mechanical Engineering Dept. Teaching 
Assistantship, thermal systems. 
Louis Manfredi, M.S. candidate i n  Ocean Engineering, supported p r ima r i l y  
under Mark Swann Account, wind turb ine design. 
James Manwell , Ph. D. candidate, School o f  Engineering Teaching Associate, 
ana ly t i ca l  studies. 
Koorosh Modarresi, M.S. candidate, Mechanical Engineering Dept. Teaching 
Assistantship, ana l y t i ca l  f low f i e l d  studies. 
Paul Murphy, M. S. candidate, experimental f low f i e l d  studies . 
Frederick Perkins, M.S. candidate, blade s t r uc tu ra l  analysis, t o  j o i n  
SERI, Golden, Colo. 
Mar t in  Rolland, M.S. candidate, MOD-4 design and analysis 
Paul Sarkisian, M.S. candidate, Mechanical Engineering Dept. Teaching 
Assistantship, Solar Energy Div. , Carr ier  Corp. 
Walter Sass, M. S. candidate, E l e c t r i c a l  and Computer Engineering , School 
of Engineering Teaching Associate, instrumentat ion and cont ro ls .  
James Sexton, M.S. candidate, supported by Mark Swann Account, wind turb ine 
design, jo ined Rockwell In te rna t iona l ,  Rocky F la ts  Plant, Golden, Colo. 
Forrest  Stoddard , Ph. D. candidate, Ocean Engineering , Mechanical Engineering 
Dept. .Teaching Assistant, wind tu rb ine  dyanmics, jo ined U.S. Windpower 
Assoc., Bur l ington,  MA. 
15. Lawrence Sul l ivan,  M.S. candidate, Northeast Solar Energy Center Assistant-  
ship, Solar Habi t a t - I  demonstration. 
16. Christopher Tomashofski, M.S. candidate, blade analysis and tes t ing .  
17. Jay Turnberg, M.S. candidate, Mechanical Engineering Dept. Teaching 
Assistantship, blade analysis and LTLT model . 
18. Edward S. Van Dusen, Ph.D. candidate, Ocean Engineering, unsupported, 
v e r t i c a l  ax i s  wind tu rb ine  analysis,  owner o f  Composite Engineering Incor-  
porated, Cambridge, MA. 
19. Paul Wendlegass, M.S. candidate, economic analysis and thermal systems. 
I V .  Undergraduate Students 
1 . David Dr iver,  B.S.M. E. candidate, Undergraduate Research Assistant, 
thermal systems, t o  at tend Graduate School a t  the Univ. o f  Ca l i f o rn i a  a t  
Berkeley. 
2. Michael Evans, B.S.M.E. candidate, draftsman. 
3. Richard Gei k ie,  B.S.C.E. candidate, Undergraduate Research Assistant  
Sumner 1 978. 
4. Thomas Gorman, B.S. candidate i r~ Wood Technology, Undergraduate Research 
Assistantship Wood Techno1 ogy , wood blade construct ion. 
5. Daniel Handman, B.S.E.C.E. candidate, Undergraduate Research Assisantship, 
microprocessor c o n t r o l l e r  design, t o  j o i n  Graphic Sciences, Danbury , CT. 
6. Anne Mason, B.S. candidate, Smith College, Sumner Research Pa r t i c i pa t i on  
Assistantship, wind data reduct ion and analysis. 
7. Cathy McEl kinney, B.S. candidate, Smith Col 1 ege, Sumner Research P a r t i c i  pat ion 
Assistantship, computer analysis and data acquis i t ion.  
8. Jeff Squire, B.S.M.E. candidate, work study, general maintenance. 
9. Richard Surko, B.S.E.C. E. candidate,  Undergraduate Research Assistant ,  
microprocessor c o n t r o l l e r  construct ion and i n s t a l  l a t i o n  . 
10. Paul Z a n o l l i ,  B.S.M.E. candidate,  work study, wind turb ine  maintenance and 
servicing.  
V .  PAPERS AND PUBLICATIONS TO DATE 
1. "Stability of Wind Power Support Structures,'' by A. Chajes was 
presented at the Annual Column Research Council Meeting, Tor- 
onto, Canada, June 1975 (published in Proceedings Column Re- 
search Council, P.B. 247 678-1975). 
2. "Prefabricating Buildings Adapted to Solar and Wind Energy 
Utilization," by C.A. Johnson, presented at the 1975 Annual 
Meeting North Atlantic Region ASAE, Cornell Univ., Ithaca, NY, 
August 1975. 
3. "Wind and Solar Thermal Combinations for Space Heating," by 
J.G. McGowan, W.E. Heronemus, G. Darkazalli, presented at the 
Tenth Intersociety Energy Conversion Conference at Newark, Del 
August 1975. 
4. "Switching Logic - Wind Furnace Experiment," by William E .  
Heronemus, -- et al.', SH-1-07.01.001 TR/75/2, Oct. 1975. 
5. "Blade Structural Design: Wind Furnace Experiment," by E.S .  
Van Dusen, SH-1-2.10, TR/75/3, Jan. 1976. 
6. "A First Economic Analysis of the Wind Furnace," edited by 
W.E. Heronemus, SH-1-09.01.001, TR/76/1, Jan. 1976. 
7. "Discussion of Momentum Theory for Windmills,'' by Forrest S .  
Stoddard, TR/76/2, April 1976. 
8. "An Approach to Preliminary Systems Optimization of the New 
England Wind Furnace," by Forrest S. Stoddard, TR/76/3, April 
1976. 
9. "Preliminary Report on Optimizing the Windmill Rotor," by 
Paul Lefebvre and Duane Cromack, TR/75/4, April 1976. 
10. "Fiezd Controller for the UMass Wind Furnace," by Daniel 
Handman, TR/76/5, April 1976. 
11. "A General Description of the Blade-Pitch Controller," by 
Bruce A. Caccamo, TR/76/6, April 1976. 
12. "Preliminary Report - Thermal Systems - Wind Furnace Project," 
by Jon G. McGowan and Ghazi,Darkazalli, TR/76/7, April 1976. 
13. "Preliminary Report - Wind Data Collection and Analysis - 
Wind   urn ace project," by Frank C. Kaminsky, ~~/76/8, April 
1976. 
"Dynanics of the New England Wind Furnace," by Merit P. White, 
TR/76/9, April 1976. 
"Wind Tunnel Test Program of a 200-Watt, 12-Volt Wind Gener- 
ator System," by F.S. -~toddard and M. ~dds, TR/76/10, April 
1976. 
"Design and Installation of Heating System for UMass Solar 
Habitat-I, ' by Ward D. Wells and Jon G. McGowan, UM-kJF-TR- 
76-10, Dec. 1976. 
"Wind and Solar Residential Heating System: Energy and Econ- 
omic Study," by Ghazi Darkazalli and Jon G. McGowan, UM-WF- 
TR-77-1, Jan. 1977. 
"Three Probability Densities (Log-Normal, Gamma, and Weibull) 
and their Application to Modelling Average Hourly Wind Speed," 
by Frank Kaminsky, UM-WP-TR-77-2, Dec. 1976. 
"Design and Operational Aspects of the UMass Wind Furnace," 
presented at the AWEA Conf., Boulder, CO, May 12-14, 1977, UM- 
WF-TR-77-3. 
"Optimum and Near-Optimum Blade Configurations for High Speed 
Wind Turbines," by D.E. Cromack and P.E. Lefebvre, Proc. 1977 
Annual Meeting of the American Section of the International 
Solar Energy Society, Orlando, Fla., June 6-10, 1977, Vol. 1, 
pp. 19-16 through 9-19. 
"Four Probability Densities (Log-Normal, Gamma, Weibull, and 
Rayleigh) and their Application to Modelling Average Hourly 
Wind Speed," by F.C. Kaminsky, Proc. 1977 Annual Meeting of 
The American Section of the International Solar Energy Society, 
Orlando, Fla., June 6-10, 1977, Vol. 1, pp. 19-6 through 19-9. 
"Analytical Performance and Economic Evaluation of Residential 
Wind or Wind and Solar Heating Systems," by G. Darkazalli and 
J.G. McGowan, Proc. 1977 Annual Meeting of the American Sec- 
tion of the International Solar Energy Society, Orlando, Fla., 
June 6-10, 1977, Vol. 1, pp. 24-20 through 24-24. 
"Design of Hub and Pitching System for Wind Furnace I(WF-l)," 
C.B. Butterfield, Jr., June 1977, UM-WF-TR-77-4. 
"Design and Operational Aspects of a 25 kW Wind Turbine Gen- 
erator for Residential Heating Applications," by D.E. Cromack, 
W.E. Heronemus, and J.G. McGowan, presented at the 12th Inter- 
society Energy Conversion Engineering Conference, Washington, 
D.C., Aug. 28-Sept. 2, 1977. 
"Structural Analysis of Wind Turbine Support for Wind Furnace 
I," by A.  Chajes, Sept. 1977, UM-WF-TR-77-7. 
"Instrumentation and Initial Experimental Testing of Solar 
Habitat-I," by L.S. Socha and J.G. McGowan, July 1977, UM- 
WF-TR-77-8. 
"A Comparative Study of Optimized Blade Configurations for 
High Speed Turbines," by P.L. Lefebvre and D.E. Cromack, 
A u ~ .  1977, UM-WF-TR-77-9. 
"The Working Drawings and Bills of Material for Wind Furnace 
One as Installed at Solar Habitat-I, Orchard Hill University 
of Massachusetts, Amherst, MA, 01003," Edited by W.E. 
Heronemus, Sept. 1977, UM-WF-TR-77-10. 
"Wind Power for Space Heating," by D.E. Cromack and W.E. 
Heronemus, Proceedings of the 3rd Wind Energy Workshop, 
Washington, D.C., September 1977. 
"New Designs and Applications of Medium Sized Wind Systems," 
by D.E. Cromack and J.G. McGowan, Proceedings 14th Annual 
Meeting, Society of Engineering Science, Lehigh Univ., 
Bethlehem, Pa., November 14-16, 1977. 
"The UMass Wind Furnace Blade Design," by D.E. Cromack, 
Proceedings Wind Turbine Dynamic Specialists Conference, 
NASA Lewis Research Center, Cleveland, OH, November 16-18, 1977. 
"A Preliminary Investigation of Three Advanced Wind Energy 
Systems for Residential and Farm Applications," by P.H. 
Sarkisian and J.G. McGowan, Jan. 1978, UM-WF-TR-78-1. 
"Control Systems for the UMass Wind Furnace-1," by D. Handman, 
Jan. 1978, UM-WF-TR-78-2. 
"Summary Proceedings - 1978 Wind Turbine Blade Workshop," 
edited by D.E. Cromack, Jan. 1978. 
"Operational Aspects of the UMass Wind Furnace," by D.E. Cromack 
and M. Edds, Proceedings of the American Wind Energy Association 
National Meeting, Amarillo, Texas, March 1-4, 1978. 
"Wind Turbine Design, Performance, and Economic Analysis," by 
James H. Sexton, May 1978, UM-WF-TR-78-3. 
"A Two-Dimensional Analysis of Vertical Axis Windmills," by 
E.S. Van Dusen and R.H. Kirchhoff, July 1978, *M-WF-TR-78-4. 
ttOperational Evaluation of a Wind Powered Heating System," 
by J.G. McGowan, D.E. Cromack, M. Edds and D.C. Lewis, Pro- 
ceedings of the 1978 International Solar Energy Society Meeting, 
Denver, Colo., Aug. 28-Sept. 2, 1978. 
39. "The Flow F i e l d  Upstream o f  a  H o r i z o n t a l  Axis  Wind T u r b i n e , "  
by Koorosh M o d a r r e s i  and R . H .  K i r c h h o f f ,  J u l y  1978 ,  UP.!-WF- 
TR-78-5. 
40. "Measurement o f  t h e  I n t e r a c t i o n  Between t h e  Wind and t h e  UMASS 
S o l a r  H a b i t a t  I Wind T u r b i n e , "  by P a u l  blurphy and R . H .  K i r c h h o f f ,  
August  1978 ,  UM-WF-TR-78-6. 
41. "A M i c r o p r o c e s s o r  Based C o n t r o l  System f o r  t h e  UMASS Wind F u r -  
n a c e  I , "  by D. Handman and R .  Monopoli ,  J u l y  1978,  UM-VJF-TR- 
78-7.  
